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Resolving the microscopic pairing mechanism and its experimental identification in unconventional
superconductors is among the most vexing problems of contemporary condensed matter physics. We
show that Raman spectroscopy provides an avenue for this quest by probing the structure of the
pairing interaction at play in an unconventional superconductor. As we study the spectra of the
prototypical Fe-based superconductor Ba1−xKxFe2As2 for 0.22 ≤ x ≤ 0.70 in all symmetry channels,
Raman spectroscopy allows us to distill the leading s-wave state. In addition, the spectra collected
in the B1g symmetry channel reveal the existence of two collective modes which are indicative of
the presence of two competing, yet sub-dominant, pairing tendencies of dx2−y2 symmetry type. A
comprehensive functional Renormalization Group (fRG) and random-phase approximation (RPA)
study on this compound confirms the presence of the two sub-leading channels, and consistently
matches the experimental doping dependence of the related modes. The synopsis of experimental
evidence and theoretical modelling supports a spin-fluctuation mediated superconducting pairing
mechanism.
PACS numbers: 74.20.Mn, 74.20.Rp, 74.70.Xa, 74.25.nd
I. MICROSCOPIC PAIRING
In superconductors such as the cuprates, ferro-
pnictides, ruthenates or heavy-fermion systems, the pair-
ing mechanism is believed to be unconventional and re-
lated to direct electronic interactions rather than con-
ventional electron-phonon mediated couplings. Yet, the
precise microscopic mechanism, the “glue” that binds
electrons into Cooper pairs, remains elusive. Measure-
ments of the superconducting ground state alone are in-
sufficient to unambiguously determine whether a super-
conductor has a conventional or unconventional pairing
mechanism. Raman spectroscopy provides the avenue for
gathering the missing information in both dominant and
sub-dominant pairing channels.
In comparison to other techniques, Raman spec-
troscopy (which involves inelastic scattering of light) is
rather unique as it provides access to both the energy
gaps of a superconductor and to bound states inside the
gaps2 that serve as signposts marking the strength of a
given pairing interaction.
These bound states were predicted a long time ago
by Bardasis and Schrieffer (BS)3 and are collective ex-
citations that correspond to the phase oscillations of
the ground state order parameter triggered by the sub-
dominant (d-wave) interactions. The BS modes or
particle-particle excitons couple to the Raman probe,
but there is no consensus yet about their observation
in conventional superconductors4,5. Fe-based supercon-
ductors (FeSCs), however, presented a more favorable
scenario to search for this physics as many of them are
believed to exhibit s± pairing (with an order parameter
that may change sign between Fermi surface pockets6–10)
and also a sub-leading d-wave pairing interaction that
can be strongly competitive. Theoretical calculations
based on spin fluctuations have even argued that d-wave
could become the ground state for sufficiently strong
hole-doping11,12.
As a result, Scalapino and Devereaux13 performed
a ‘bare-bones’ calculation for a typical FeSC elec-
tronic structure with s± symmetry of the ground
state and anisotropic gaps, showing that the mode
frequency should depend on 1/λd − 1/λs, where λd
and λs are the respective coupling strengths of the
electrons to the glue that binds the Cooper pair in
the d-wave and the s-wave channel. Recent mea-
surements on Ba1−xKxFe2As25,14,15, NaFe1−xCoxAs16,
Ba(Fe1−xCox)2As217,18 found peaks in the B1g spectrum
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FIG. 1. Phase diagram and schematics of doping dependent
Fermi surfaces in Ba1−xKxFe2As2. (a) The sampling points of
the measurements are compiled in the phase diagram1 as blue
and red dots deep in the superconducting state and slightly
above Tc, respectively. (b) and (c) Schematic Brillouin zone
and Fermi surface in the 1 Fe unit cell. With increasing hole-
doping x the hole pockets (blue) grow and the electron pockets
(red) shrink (changes exaggerated).
which were consistent with a collective mode, but its di-
rect association with a BS mode was unclear.
In this work, we confirm the presence of two sub-
dominant pairing interactions, as predicted theoretically,
by providing an ubiquitous identification of multiple BS
modes in the B1g spectrum of the prototypical ferro-
pnictide Ba1−xKxFe2As2 (BKFA). Each sub-dominant
pairing interaction results in a BS mode19. This perspec-
tive underlies our identification of the two new peaks in
the Raman spectrum with B1g BS modes. The analy-
sis of our experimental peak energies also supports this
scenario and even allows us to empirically extract the
relative coupling strengths λd(1)/λs, λd(2)/λs, of the two
distinct B1g (dx2−y2) pairing channels competing with
the s± ground state. We could reproduce the pres-
ence of all three pairing channels by performing a func-
tional Renormalization Group (fRG) as well as a Ran-
dom Phase Approximation (RPA) study. Since the fRG
calculation includes the leading fluctuations (magnetic,
superconducting, charge density wave etc.) whereas the
RPA is distinctly based on magnetically driven (i.e. spin-
fluctuation-induced) pairing, the agreement of both ap-
proaches with each other and the experiment strongly
points to a spin-fluctuation scenario in BKFA. Since a
direct observation of spin fluctuations below Tc is not
achievable by Raman scattering (the relevant scattering
states are gapped out) we study the BS modes which
remain as the fingerprints of the microscopic pairing in-
teractions.
II. RESULTS
To this end we measured eight samples of BKFA in
the wide doping range 0.22 ≤ x ≤ 0.70 as indicated
in Fig. 1 (a) and described in detail in Ref. 20. BKFA
forms high quality single crystals21–23 and fairly clean
and isotropic gaps24,25. In the samples with x = 0.22
and x = 0.25 superconductivity and the spin density
wave (SDW) state coexist. The samples with x = 0.62
and x = 0.70 are close to a putative Lifshitz transi-
tion at x ∼ 0.826. To present the case for the physics
of sub-dominant pairing interactions, we wish to stay
away from special effects arising from magnetism or dis-
appearance of pockets and focus on the samples with
x = 0.35, 0.40, 0.43, 0.48. In this range, the Raman spec-
tra in the B1g symmetry channel (1 Fe unit cell) change
continuously as shown in Fig. 2 (a–d). Spectra of the
other symmetries and outside the range 0.35 ≤ x ≤ 0.48
are compiled in Ref. 20.
The spectra above the superconducting transition tem-
perature Tc are dominated by the electron-hole con-
tinua. Below Tc additional (symmetry-dependent) struc-
tures appear in the energy range up to approximately
300 cm−1, and the spectral weight is redistributed from
below twice the superconducting gap 2∆ to energies
above. New features arise from pair breaking, excita-
tions across the gap, and exciton-like bound states2,5,19.
With increasing doping and a concomitant reduction of
Tc, the peaks move to lower energies.
To illustrate why BKFA is a model superconductor
for investigating BS modes we highlight the changes in
the electronic spectra below Tc. For this purpose we
subtract the normal state response from the supercon-
ducting spectra. This procedure elimantes temperature-
independent components of the spectra like the A2g re-
sponse and phonons in the symmetries A1g and B2g
20.
By plotting the difference ∆Rχ′′(Ω˜) ≡ Rχ′′(Ω˜, T =
10 K)−Rχ′′(Ω˜, T & Tc) in Fig. 2 (e) with Ω˜ = ~Ω/kBTc
we extract superconductivity-induced features of pure
B1g symmetry. Due to the full gap, the difference spectra
become negative at low energies and three pronounced
peaks are observed. The differences between normal and
superconducting spectra disappear (∆Rχ′′ → 0) close to
Ω˜ = 8. The highest peak [purple arrows in Fig. 2 (e)]
at approximately 6.2, which we identify with the max-
imal gap, depends weakly on doping. The range of
2∆/kBTc ' 6.2 is in qualitative agreement with the re-
sults from other methods24,25,27. This enables us to check
the validity of the RPA and fRG approaches in a coupled
system of intermediate strength. There are two addi-
tional narrow lines in the ranges 1.5–3 (green arrows)
and 4–5.5 (orange arrows) displaying a strong monotonic
downshift with increasing K content.
At optimal doping (x = 0.40), evidence was furnished
that the narrow line at 5.3 [140 cm−1 in Fig. 2 (b)] re-
sults from a bound state of two electrons of a broken
Cooper pair5. The other narrow line at 2.8 [75 cm−1
30
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FIG. 2. Doping dependence of the Raman spectra in B1g symmetry. (a-d) Raman response Rχ
′′(Ω, T, x) (raw data after
division by the Bose-Einstein factor) of Ba1−xKxFe2As2 in B1g symmetry above (red) and below (blue) Tc close to optimal
doping in the range x = 0.35 to x = 0.48. (e) Difference spectra ∆Rχ′′(Ω, x) in B1g symmetry. The energy scale is normalized
to the respective Tc values of the differently doped samples. The intensities are off-set, the dashed horizontal lines mark zero.
The purple arrows indicate the pair-breaking features at high energy. Green and orange arrows mark two BS modes pulled off
the energy gap. They correspond to the sub-dominant channels d(1) and d(2), respectively.
in Fig. 2 (b)] is difficult to properly assign on the ba-
sis of just one doping level. A suggestion for this peak
as a second, smaller pair-breaking peak and a single BS
mode at 5.3 was given in e.g. Ref. 5. However, upon
studying several doping levels and all symmetries20 we
find the following systematics in favor of two BS modes:
(i) The two in-gap modes appear only in B1g symmetry.
(ii) As opposed to the pair-breaking maxima at approx-
imately 6 kBTc there are no other gap energies observed
the two sharp modes could correspond to. (iii) Upon
doping K for Ba the in-gap modes increasingly split off of
the pair-breaking maximum. The nearly identical dop-
ing dependences of the two modes and the absence of
pair-breaking features in other symmetries suggest that
both modes are linked to the maximal gap. The unique
appearance of narrow BS modes in B1g symmetry for
0.35 ≤ x ≤ 0.48 indicates that there are sub-dominant
interactions with d-wave symmetry. We label the corre-
sponding sub-leading B1g channels as d(1) and d(2) for
the lower- and the higher-energy line, respectively.
In Fig. 3 (a) we compile experimental peak energies
derived from Fig. 2. The difference between 2∆ (purple)
and the BS modes in the range 1.5 − 5 kBTc (green and
orange) corresponds to the binding energies Eb(i) = 2∆−
ΩBS(i) with i = 1, 2 of the bound states. The ratios
of the relative coupling strengths λd(i)/λs are estimated
from Eb(i)/2∆ using the results of Refs. 4, 5, and 13 and
λs = 0.7 from Refs. 28 and 29. Note that we used a
doping-independent value of 0.7 for this estimate as the
ratios λd(i)/λs are weakly sensitive to small changes of
λs
20.
III. THEORETICAL METHODS
According to Ref. 19, the presence of two BS modes
in the same symmetry channel must imply the pres-
ence of two pairing interactions with different form fac-
tors competing with the ground state. Thus in addi-
tion to the ratios λd(i)/λs derived from experiment, we
show in Fig. 3 (b) and (c) the results of two micro-
scopic studies using fRG and RPA schemes that pre-
cisely identify these pairing channels and also provide
an estimate for λd(i)/λs. The comparison of the two in-
dependent approaches allows us to pin down the origin
of the leading pairing channel since the fRG includes all
interactions30,31 whereas the RPA focuses on the spin sec-
tor as spelled out in detail in Ref. 20. Another difference
becomes apparent in the procedure used to determine
the effective interaction potential. The fRG analysis is
designed to start its unbiased renormalization group flow
already at energies above the bandwidth while the effec-
tive model scale entering the RPA resummation has to
be chosen at comparably lower energies20. As it turns
out, however, in spite of these differing intinitalizations,
transcending further down to energies at which supercon-
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FIG. 3. Gap energies and relative coupling strengths. (a)
Doping dependence of the characteristic B1g gap energies.
The highest pair-breaking energy ΩPB scales approximately
with Tc. The maxima at ΩBS(1) and ΩBS(2) inside the gap
decrease faster than Tc. (b) and (c) Relative coupling pa-
rameters of the sub-dominant (λd(i)) and the dominant (λs)
channel. With a dominant interaction of λs = 0.7
28,29, the
ratios for λd(i)/λs are extracted from the experiment (open
green and orange symbols, corresponding to d(1) and d(2),
respectively). The green and orange dots represent results
from fRG and RPA19 calculations in panels (b) and (c), re-
spectively.
ductivity occurs yields similar findings for both methods.
In order to determine the hierarchy of pairing inter-
actions from the effective pairing vertex V from either
fRG or RPA, we decompose this pairing channel into
eigenmodes, which is tantamount to solving an eigen-
value problem of the form20∫
FS
dqV (k, q)gα(q) = λαgα(k), (1)
where k comprises momentum, band, and spin degrees
of freedom, and α is the index consecutively numbering
the different eigenvalues. We assume α to be ordered ac-
cording to the magnitude of eigenvalues λα. gα(k) is the
pairing eigenvector along the Fermi surfaces specifying
the symmetry of the pairing.
From both fRG and RPA, we find λs, gs(k) (α = 1)
to be the dominant superconducting pairing of A1g (s±)
type and λd(1,2), gd(1,2)(k) (α = 2, 3) the sub-leading
B1g type couplings. Schematic eigenvectors gα(k) for
α = 1, 2, 3 are shown as insets in Fig. 3 (a). These re-
sults apply to both V ≡ V ΛfRG and V ≡ VRPA when used
in Eq. (1), where Λ is the low-energy cutoff in the fRG
flow that serves as an upper bound for the transition
temperature20,30,31. The leading eigenvalue λs ≡ λ1 in
Eq. (1), which is a function of Λ in the case of fRG, then
determines the leading Fermi surface instability. The ra-
tios of the eigenvalues λd(1,2)/λs ≡ λ2,3/λ1 determine
the peak positions of the BS modes and are shown along
with the experiments in Fig. 3 (b) and (c). Note that
λ2 ≡ λd1 fits the extended d-wave harmonic form pre-
dicted in Ref. 11.
IV. CONCLUSIONS
From the plethora of theories intended to describe the
iron-based superconductors, the comparison with the ex-
periment now enables us, as a first step, to verify the
validity of fRG and RPA for the intermediately cou-
pled electronic system of BKFA. We find in accordance
with the experiment that both approaches predict the
strongest sub-leading channels to be of d-wave symme-
try. Furthermore, the theoretical predictions for the rel-
ative coupling parameters as shown in Fig. 3 are in good
agreement with the experiment. The fRG results are in
quantitative agreement, the RPA values systematically
underestimate the relative coupling strength but are still
close to the experiment. Hence we conclude that fRG and
RPA are suitable to describe the experiment around opti-
mal doping, 0.35 ≤ x ≤ 0.48, where the two collective BS
modes can be identified. Besides the agreement with the
experiment the fRG interaction eigenvectors gα(k) match
very well with those obtained from the spin-fluctuation-
based RPA analysis in all three channels (α = 1, 2, 3).
These agreements indicate that spin fluctuations are an
important if not the leading interaction in the system
under consideration.
The results presented here put narrow constraints on
the description of the Raman data and render differing
interpretations16,18 rather unlikely to be applicable to
BKFA. Hence, the observation of two collective modes
inside the gap of a superconductor establishes a novelty
in terms of experimental analysis which promises to have
an impact on the general understanding of unconven-
tional superconductivity. Along with the magnitude of
the gap, the modes reveal the hierarchy of pairing states
in a prototypical material, in full agreement with micro-
scopic predictions. As a result, our experiment demon-
strates the unique possibilities of using light scattering as
a probe for observing unconventional pairing fingerprints.
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7Appendix A: Theoretical Methods
1. Model Hamiltonian
To determine the relative strength of s- and d-wave
pairing channels in Ba1−xKxFe2As2 from a model Hamil-
tonian, the results of which are depicted in Fig. 3 (b)
and (c), we start with the five iron d-orbital approach
proposed by Graser et al.32 for parent BaFe2As2. The
tight-binding model,
H0 =
∑
k,s
5∑
a,b=1
c†kasKab(k)ckbs, (A1)
with k, a, s denoting momentum, orbital and spin de-
grees of freedom, accurately reproduces the ab initio
band structure of BaFe2As2 at low energies
33. The dif-
ferent doping levels are modeled by a rigid band shift,
which amounts to 0.1 eV or roughly 2.5% of the band-
width for x = 0.5 potassium substitution. Assuming a
pronounced two-dimensional character of the Fermi sur-
face sheets, we restrict the pairing calculation to the 2D
cut of the Fermi surface for kz = 0.
For the interaction part Hint, we use a complete set of
on-site intra- and interorbital repulsion as well as Hund’s
and pair-hopping terms,
Hint =
∑
i
Uintra∑
a
nia↑nia↓ + Uinter
∑
a<b,ss′
niasnibs′
(A2)
+JH
∑
a<b
~Sia~Sib + Jpair
∑
a<b
c†ia↑c
†
ia↓cib↑cib↓
]
.
Both fRG and RPA are independently applied to this
microsopic model. The parameter set chosen in fRG is
Uintra = 4.0 eV, Uinter = 2.0 eV and JH = Jpair = 0.7 eV
which are close to constrained RPA estimations34. In or-
der to avoid a magnetic instability in RPA, we choose in-
teraction parameters that are smaller than those used in
the fRG calculation. We set U = 0.85 eV and U ′ = U/2,
J = J ′ = U/4. For these parameters, we find that the
pairing interaction vertex V (k, q) is determined by spin
fluctuations, and orbital fluctuations do not play a sig-
nificant role. In the fRG, the bare interactions are renor-
malized to smaller values due to the coupling between
the different particle-hole and particle-particle channels.
This coupling is absent in the RPA, which is consistent
with the need to use smaller bare parameters for the lat-
ter.
2. fRG
The method of fRG proved very successful for
the prediction and exploration of the interplay be-
tween magnetic and superconducting order in iron-based
compounds12,31,35. Its main strength lies in its ability
to treat different ordering channels on an equal footing,
whilst simultaneously allowing for the study of micro-
scopic models with multiple degrees of freedom. Simi-
lar to the familiar fRG concept of thinning out degrees
down to a low-energy cutoff Λ which serves as an up-
per bound for the transition temperature while leaving
the low-energy physics invariant30,31, the fRG method
provides an effective low-energy theory HΛ which im-
mediately (or at least more clearly) reveals the favored
ordering tendencies. In this flow to low energies, differ-
ent fluctuations such as spin and charge density wave,
Pomeranchuk, and superconducting ordering tendencies
are included on equal footing12.
Without going into the technical details of the calcula-
tions, it is important to mention that one usually imple-
ments the fRG in terms of an appropriate band basis γ†k,
γk which diagonalizes the quadratic part Eq. (A1). The
effective low-energy description in this basis then reads
HΛ = HΛ0 +
∑
k1,...k4
V˜ Λ(k1, k2, k3, k4)γ
†
k1
γ†k2γk3γk4 , (A3)
with a renormalized quadratic part HΛ0 and an effective
two-particle interaction V˜ Λ. In the fRG flow, sponta-
neous symmetry breaking is signalled by diverging ef-
fective interactions at a critical energy scale Λc. In
the“standard” fRG, the 2-particle vertex V˜ Λ is computed
from an fRG flow (integrated) down to a “mean-field”
scale ΛMF slightly above the critical scale Λc. This first
part of our calculation is similar to our earlier study of
hole-doped Ba1−xKxFe2As212, where further details can
be found.
However, to compare the fRG leading eigenvalues in
the s±- and d-channels with experiment and with the
RPA results, based on the eigenvalue description of the
dominant and subdominant Raman peaks, we have to
“roll back” this particle-particle-channel to obtain the
pp-irreducible pairing interaction. This is discussed in
Ref. 36 with application to the single band Hubbard
model. It amounts to solving a linear integral (Bethe-
Salpeter) equation for the pp-irreducible vertex V (k, q),
where V (k, k′) ≡ V (k, k′, k′, k), i.e.
V˜ Λ(k, q) = V Λ(k, q)−
∫
p
V Λ(k, p)GΛ(p)GΛ(−p)V˜ Λ(p, q) ,
(A4)
schematically shown in Fig. 4 below. Here V˜ Λ(k, q) de-
notes the usual (1-particle irreducible) vertex obtained
from the ”standard” fRG, including all modes down to
ΛMF, which is chosen slightly above the critical scale
Λc: the explicit solution is obtained as V
Λ = V˜ Λ(1 −
DΛV˜ Λ)−1, i.e. matrix inversion, due to the usual dis-
cretization of momentum space in patches rendering the
kernel of Eq. (A4) separable. This kernel, or diagonal
matrix, D is radially integrated in each patch with the
frequency sum in Eq. (A1) evaluated analytically.
This pp-irreducible fRG vertex is inserted in Eq. (1)
to obtain the eigenvalue decomposition λα, where λ2/λ1
8= −
V Λ V ΛV Λ
∼ ∼
V Λ
FIG. 4. Diagrammatic relation between V Λ and V˜ Λ.
Fermionic propagators are illustrated by solid black lines, the
interactions V Λ and V˜ Λ by blue and grey boxes, respectively.
as well as λ3/λ1 is then compared against RPA and
the experimental finding as described in the main text.
(The integral measure in Eq. (1) becomes
∫
FS
dq ≡∑
i
∫
FSi
d2q/2pivF(q), where the index i runs over all
Fermi surface pockets and vF(q) denotes the Fermi ve-
locity.)
Choosing the pp-irreducible vertex within the fRG ap-
proach also substantially reduces the quantitative influ-
ence of the fRG-cutoff ΛMF: by rolling back the pp-
channel to V (Fig. 4), one takes out a steeply growing
logarithm. This can be most easily seen if the kernel D
is assumed to be a constant d. In this case, V Λ and V˜ Λ
would have the eigenvalues related by λ = λ˜
1−dλ˜ . The re-
duction of the cutoff influence, provided the particle-hole
correlations, i.e. spin-fluctuations, die out at low enough
scales, then holds, and hence the pp-irreducible pairing
interaction has saturated at ΛMF.
For K substitution larger than x ≈ 0.25, the pair-
ing fluctuations with the effective (renormalized) two-
particle irreducible interactions V ΛfRG(k,−k, q,−q) ≡
V Λ(k, q) [Eqs. (A3) and (A4)] are dominant in the low-
energy regime, which justifies us to constrain ourselves
to the Cooper channel and hence superconducting Fermi
surface instabilities.
3. RPA
In the RPA approximation, the pair structure which
arises form a spin-fluctuation exchange interaction is de-
termined from the scattering vertex
Γij(k,k
′) = Re
∑
`1`2`3`4
a`1,∗νi (k)a
`4,∗
νi (−k) (A5)
×Γ`1`2`3`4(k,k′, ω = 0) a`2νj (k′)a`3νj (−k′) .
Here the momenta k and k′ are restricted to the Fermi
surface k ∈ Ci and k′ ∈ Cj where i and j label the dif-
ferent pockets, and a`ν(k) are the orbital components of
the band eigenvectors. The particle-particle scattering
vertex between orbitals `1, `4 and `2, `3 is given by
Γ`1`2`3`4(k,k
′, ω) =
[
3
2
U¯sχRPAs (k− k′, ω)U¯s +
1
2
U¯s(A6)
− 1
2
U¯ cχRPAc (k− k′, ω)U¯ c +
1
2
U¯ c
]
.
The interaction matrices in orbital space for spin and
charge channels, U¯s and U¯ c respectively, contain linear
combinations of the interaction parameters U , U ′, J and
J ′ (see e.g. Ref. 37). The RPA spin- (χRPAs ) and charge
(χRPAc ) susceptibilities have the usual form
χRPAc/s,`1`2`3`4(q) =
{
χ0(q)[1± U¯ c/sχ0(q)]−1
}
`1`2`3`4
(A7)
with the bare susceptibility matrix
χ0`1`2`3`4(q, ω) = (A8)
− 1
N
∑
k,µν
a`4ν (k)a
`2,∗
ν (k)a
`1
µ (k+ q)a
`3,∗
µ (k+ q)
× f(Eν(k))− f(Eµ(k+ q))
ω + i0+ + Eν(k)− Eµ(k+ q) .
Here, f(E) is the Fermi function and Eν(k) is the energy
dispersion for band ν. The symmetry function g(k) of the
pairing state can then be found by solving an eigenvalue
problem of the form
−
∑
j
∮
Cj
dk′‖
2pivF (k′‖)
Γij(k,k
′)gα(k′) = λαgα(k) , (A9)
where vF (k) is the Fermi velocity. The eigenfunction
gα(k) with the largest eigenvalue λα gives the lead-
ing instability (ground state) of the system and sub-
leading instabilities have smaller λα. We have executed
all steps within the RPA formalism once again to il-
lustrate the precise form equivalence between Eq. (A9)
and Eq. (1) in the main text upon the identification∫
FS
≡∑j ∮Cj dk′‖2pivF (k′‖) as well as V (k, q) ≡ Γij(k,k′).
Appendix B: Samples
The single crystals of hole doped Ba1−xKxFe2As2 were
grown using a self-flux technique and have been char-
acterized elsewhere22,23. The potassium concentration
was determined by microprobe analysis. For all sam-
ples studied we measured the non-linear magnetic sus-
ceptibility χ
(3)
m (T ). The results are complied in Fig. 5.
χ
(3)
m (T ) is particularly sensitive to inhomogeneities of
the samples38. The susceptibility was measured dur-
ing a continuous warm up (+)/cool down (-) at a rate
of typically ±2 K per minute. According to Shatz and
coworkers39, Tc± is the extrapolation of the linear part
to zero voltage at three times the excitation frequency
3f with f = 33 kHz. We define Tc = 0.5(Tc+ + Tc−).
The tail above Tc± is a reliable estimate of the transition
width ∆Tc. For the Raman measurements samples with
narrow superconducting transitions were selected having
∆Tc values in the range 0.4 to 2 K. The doping levels and
typical sample temperatures are displayed in Fig. 1 (a).
The parameters are compiled in Table I.
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FIG. 5. Non-linear susceptibility of all samples measured.
The two data sets correspond to warm up (turquoise) and
cool down (blue). Tc± is the extrapolation of the linear part to
zero voltage, the tail above Tc± corresponds to the transition
width ∆Tc
39.
TABLE I. Parameters of the Ba1−xKxFe2As2 samples studied.
The doping levels of the samples used for the quantitative
analysis are shown in bold face. Samples labeled with a and
b were prepared in the laboratories of H.-H. Wen22 and T.
Wolf23, respectively.
K doping x Tc (K) ∆Tc (K) source
0.22 24.6 0.9 b
0.25 30.9 2.1 a
0.35 38.9 0.9 b
0.40 38.6 0.4 a
0.43 36.7 1.3 b
0.48 34.3 1.1 b
0.62 26.6 1.4 b
0.70 21.6 0.8 b
Appendix C: Experiment
The experiments were performed with standard light
scattering equipment. For excitation a solid state laser
(Coherent, Genesis MX SLM) was used emitting at
575 nm. The samples were mounted on the cold finger
of a He-flow cryostat in a cryogenically pumped vacuum.
The laser-induced heating was determined experimen-
tally to be close to 1 K per mW absorbed laser power.
Spectra were measured in the four polarization configu-
rations xy, x′y′, RR, and RL where x and y are along
the Fe-Fe bonds, x′ = 1/
√
2(x + y), y′ = 1/
√
2(y − x),
and R/L = 1/
√
2(x ± iy). All symmetry components
(A1g, A2g, B1g, and B2g for tetragonal Ba1−xKxFe2As2)
can be extracted using linear combinations of the ex-
perimental spectra. For the symmetry assignment we
use the 1 Fe per unit cell [cf. Fig. 1 (b) for the cor-
responding BZ]17,40. The spectra we show within this
work represent the response Rχ′′(Ω, T ) which is obtained
by dividing the cross section by the Bose-Einstein fac-
tor {1 + n(T,Ω)} = [1 − exp(−~Ω/kBT )]−1 in which R
is an experimental constant. In some cases we isolate
superconductivity-induced contributions by subtracting
the response measured at T & Tc from the spectra taken
at T  Tc and label the difference spectra ∆Rχ′′(Ω, T ).
Appendix D: Resonance effects
Figure 6 shows the difference spectra ∆Rχ′′(Ω) =
Rχ′′(Ω, T = 10 K) − Rχ′′(Ω, T & Tc) of the Ra-
man reponse for excitation lines at 458, 514, 532,
and 575 nm. For non-resonant scattering processes
one would expect the response to be independent of
the excitation. This worked well for optimally doped
Ba(Fe0.939Co0.061)2As2
40. Here, we observe little changes
upon switching between green and yellow excitation in
A1g and B2g symmetry [Fig. 6 (a) and (b)]. In B1g sym-
metry [Fig. 6 (c)], the overall intensity reduces for 532 nm
with respect to 575 nm excitation wave length, whereas
a substantial enhancement of spectral weight is found for
514 and 458 nm. In the latter case both the pair-breaking
peak and the BS mode shift. At first glance, this in-
dicates a dependence on the details of the experiment.
However, the BS mode does not change shape and by
and large follows the intensity of the pair-breaking peaks.
The change of the pair breaking effect for 458 nm indi-
cates the appearance of an orbital-dependent resonance.
In the blue the enhancement occurs on those parts of the
Fermi surface which have a larger gap. As a consequence,
the collective mode which is directly derived from the pair
breaking intensity shifts accordingly. Qualitatively, this
is further support for the collective character of the mode
at 140 cm−1 although the details need to be worked out
in a future systematic study. Resonance effects must be
considered for blue photons, but are weak for yellow pho-
tons and hence do not interfere with the analysis of this
work.
Appendix E: Symmetry-resolved spectra
Figure 7 shows the raw data in the three main po-
larization configurations xx, x′y′ and RR measured for
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FIG. 6. Resonance effects in Ba1−xKxFe2As2 at x = 0.40.
Shown are the difference spectra ∆Rχ′′(Ω) = Rχ′′(Ω, T =
10 K) − Rχ′′(Ω, T & Tc) for the three Raman-active symme-
tries (see text and Fig. 2). The spectra are measured with
the laser lines at 575, 532, and 458 nm (only B1g).
this study at temperatures indicated in Fig. 1. The x′y′
normal-state spectra at x = 0.35 are multiplied by 0.84
to make them match the superconducting spectra. The
superposed narrow lines in B2g and A1g symmetry are
Raman-active phonons41.
For a few samples we also measured spectra at interme-
diate temperatures which are partially published5. For
deriving the symmetry-resolved spectra also the RL con-
figuration is needed. The full symmetry analysis is avail-
able for 0.35 ≤ x ≤ 0.70 as shown in Fig. 8. The A2g
spectra are temperature independent and typically on or-
der 10 % of those of the other symmetries. They vanish
for x = 0.7. Therefore, for avoiding subtraction proce-
dures, reducing the time for the measurements and im-
proving the statistics we can use the spectra measured at
xx, x′y′ and RR (Fig. 7).
Except for the spectra at x = 0.22 and 0.25 there
are pair-breaking features in all symmetries (except for
A2g). In general, the structures are narrower and more
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FIG. 7. Doping-dependent Raman spectra. The Raman re-
sponse Rχ′′(Ω, T, x) (raw data after division by the Bose-
Einstein factor) of Ba1−xKxFe2As2 is shown in x′y′ (B1g +
A2g), xy (B2g +A2g), and RR (A1g +A2g) polarization above
(red) and below (blue) Tc. The results around optimal dop-
ing, 0.35 ≤ x ≤ 0.48, are highlighted.
pronounced in B1g than in A1g and B2g symmetry (see
also Fig. 8). The B1g spectra at x = 0.22, 0.25, 0.62,
and 0.70 [Fig. 7 (a1), (b1), (g1), (h1)] are qualitatively
different from those around optimal doping [Fig. 7 (c1),
(d1), (e1), (f1)]. Whereas a narrow mode or an indica-
tion thereof is still found along with an isolated broad
maximum for x = 0.62 and x = 0.70, respectively, there
are only broad maxima at 30 cm−1 and 65 cm−1 next to
shoulders around 100 and 150 cm−1 for x = 0.22 and
0.25, respectively.
Figure 9 shows the entire set of difference spectra in
B1g symmetry. Away from optimal doping the experi-
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FIG. 8. Symmetry-resolved spectra of Ba1−xKxFe2As2. The
spectra for doping levels x as indicated are measured at ap-
proximately 8 K (blue) and above (red) the respective tran-
sition temperatures. The contributions from A2g symmetry
are structureless, temperature independent, and substantially
smaller than those in the other symmetries.
ments become more difficult to analyze. At x = 0.62
there are still three superconductivity-induced structures
at low temperature similar to those around optimal dop-
ing. The low-energy peak is very weak at x = 0.62 (open
green arrow), if existent at all, and is definitely unob-
servable at x = 0.70. We believe that it is related to the
lower BS mode but find it difficult to furnish experimen-
tal proof for this hypothesis.
At x = 0.22 and 0.25 ∆χ′′(Ω, T ) vanishes only at
10 kBTc. Consequently, the shoulders developing in the
energy range around 100–150 cm−1 (4 − 10 kBTc; open
blue arrows in Fig. 2) are likely to have a relationship to
the spin density wave (SDW). Then, the prominent max-
ima at 30 and 65 cm−1 (3 kBTc), which show little or no
temperature dependence [for x = 0.25 see supplemental
Fig. 7 (b1–b3)] similar to the pair-breaking peaks studied
at optimal doping x = 0.405, are probably gap excita-
tions on the outer hole band which is less affected by the
SDW forming below approximately 80 K. Very specula-
tively one could also interpret them in terms of fluctu-
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FIG. 9. Difference spectra ∆Rχ′′(Ω, x) in B1g symmetry.
The energy scale is normalized to the respective Tc values
of the differently doped samples. The intensities are off-set,
the dashed horizontal lines mark zero. The purple arrows in-
dicate the pair-breaking features at high energy. Orange and
green arrows mark the BS modes pulled off of the energy gap.
The open black arrow indicates the additional maxima ob-
served at x = 0.62 and 0.70. Open symbols indicate features
with tentative assignment.
ations of the superconducting order parameter (“Higgs
modes”) activated by the presence of the SDW42. The
other bands are expected to participate in the SDW for-
mation as they are better nested and are likely to be
gapped out at least partially already above Tc.
Appendix F: Symmetry dependence for
0.35 ≤ x ≤ 0.48
In Fig. 10 we show the difference spectra for the doping
range around x = 0.40. For all doping levels around opti-
mal doping a pronounced narrow mode below 100 cm−1
exists only in B1g symmetry. In the other symmetries
there are only broad shoulders at slightly different ener-
gies or no structures at all. For this reason, the mode
cannot be a signature of the small gap on the outer hole
band which would appear also in the A1g and possibly in
the B2g spectra.
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Appendix G: Pair breaking and final-state
interaction
In addition to the usual pair-breaking features close
to the gap energy 2∆ Ba1−xKxFe2As2 has two narrow
modes inside the gap which originate from the interaction
between the electrons of the broken pair as described first
by Bardasis and Schrieffer3. For demonstrating the final
state interaction to be important the spectra were com-
pared to a phenomenological prediction as described in
detail in Ref. 5. In brief, the band-dependent gap values
are derived from the spectra in B2g and A1g symmetry
determining also the bare B1g spectra. Then, the final-
state interaction between the electrons of a broken pair
is cranked up until the experimental B1g spectra can be
reproduced. The closer the coupling λd in the subdom-
inant d-wave channel approaches that in the dominant
pairing channel λs the larger the binding energy Eb of the
exciton-like state. Here, Eb means the difference between
the gap edge and the position of the collective mode ΩBS.
The results of a full 3D phenomenological description are
shown in Fig. 13 for the weaker d(2)-wave channel BS(2)
and doping levels 0.35 ≤ x ≤ 0.48.
For the full 3D calculation we use a phenomenological
eigenvector g(k) since the fRG and RPA results for g(k)
exist only for kz = 0. The relative coupling strength
λd/λs increases monotonically with doping, as plotted
in Fig. 3. The values used for the gaps are compiled in
Table II. The phenomenology shows also that the gap
on the outer hole band can indeed be observed in all
symmetries in the range below 80 cm−1 but the predicted
intensity of the pair-breaking maximum in B1g symmetry
is at least an order of magnitude too weak to explain the
experiment (Fig. 13).
This discrepancy inspired us to search for an alterna-
tive explanation in terms of a second BS mode as de-
scribed in Ref. 19. Since the eigenvectors of the two
d(i)-wave channels are orthogonal the BS mode for the
stronger subleading channel BS(2) can be fitted indepen-
dently [Fig. 13 (e)]. Here the model function is calculated
only in 2D since we know the eigenvectors only for kz = 0.
By using the bare 2D eigenvectors of the subleading chan-
nels the fits around 2∆ become worse than in the case
and the full analysis. We will address this problem in an
upcoming publication.
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FIG. 11. Determination of the relative coupling strengths.
The relation between the positions of the BS modes and the
ratio of the coupling strength λd(i)/λs for x = 0.4 is shown.
The horizontal green and orange lines represent the positions
of the BS(1) and BS(2) modes, respectively. The curves show
the numerically determined relations between the Eb(i)/2∆
and λd(i)/λs for λs as indicated. The limiting case (see
text) λz = 0 (black) is shown along with the approxima-
tion
√
Eb(i)/2∆ = λd(i)/λs (grey). For our analysis we used
λs = 0.7 and λz = 0 (green circle and orange diamond in (b)).
The ratio λd(i)/λs in the fits
13 and in the single-band
results of Monien and Zawadowski4 depends on λs. We
use λs = 0.7 as an approximation inspired by the Eliash-
berg analysis in Refs. 28 and 29.
We cannot derive the absolute magnitude of λs from
our experiments. However, we use the experimental po-
sitions of the two BS modes and determine λd(1) and
λd(2) for three different values of λs as shown for x = 0.4
in Fig. 11. We evaluated the limiting case of λz = 0
(black) where λz is the coupling in the particle-hole chan-
nel. For λs ' 1,
√
Eb/2∆ = λd/λs (grey) is a useful
approximation5,14 independent of λz. The best agree-
ment between λd(i)/λs and the ratio derived from fRG
and RPA is found for 0.7 ≤ λs ≤ 1 in agreement with
the Eliashberg result28,29. For obtaining the numerical
13
TABLE II. Parameters of the phenomenological fits. We compile the fitting parameters for the phenomenological fits applied
to the B1g results of Ba1−xKxFe2As2 at doping levels as indicated. All energies are given in units of cm−1. According to Ref. 5
the pockets are labeled as h1 (inner hole pocket), h2 (middle hole pocket), h3 (outer hole pocket), e1 (outer electron pocket),
and e2 (inner electron pocket).
x ∆h1min ∆
h1
max ∆
h2
min ∆
h2
max ∆
h3
min ∆
h3
max ∆
e1
min ∆
e1
max ∆
e2
min ∆
e2
max ΩBS
0.35 180 195 150 256 80 90 165 212 180 210 148
0.40 155 197 170 258 68 80 171 211 177 186 141
0.43 148 162 150 250 50 58 158 210 160 172 119
0.48 123 135 135 150 32 38 138 161 123 133 100
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FIG. 12. Intensities of the collective modes. The intensities
of BS(1) and BS(2) are shown as a function of the relative
coupling strength λd(i)/λs (i = 1, 2; λs = 0.7) for the two
sub-leading channels). The orange diamonds and green circles
represent the experimentally obtained spectral weights of the
strong- (Eb(1) ' 2∆) and weak-coupling (Eb(2)  2∆) BS
modes, respectively. The solid orange and green lines indicate
the theoretically expected integrated spectral weight in the
BS mode, with ZBS(1) = 0.65ZBS(2).
value we set λz = 0. Na¨ıvely one would expect the spec-
tral weight in the BS modes ZBS(i) to increase contin-
uously along with Eb(i)/2∆ or, in a different way, with
λd(i)/λs. However, ZBS(i) has a maximum already at
small λd(i)/λs as the position of the pole itself depends
on the ratio Eb(i)/2∆ or λd(i)/λs
4,13. For this reason
the BS mode corresponding to the stronger d(1) channel
(Eb(1) ' 2∆) has a weaker intensity than the other one
(Eb(2)  2∆). In Fig. 12 we show ZBS(i) of the two BS
modes for 0.35 ≤ x ≤ 0.48. The experimental values for
ZBS(1) and ZBS(2) are adjusted to the theory curves us-
ing the same factor. The theoretical curves for BS(1) and
BS(2) are different because of the different eigenvectors
gd(1)(k) and gd(2)(k). Since gd(1)(k) has more nodes the
Fermi surface integral is smaller than for gd(2)(k).
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FIG. 13. Difference spectra and 3D phenomenological fits.
The fits are applied to the data as described in detail in Ref. 5.
(a1 - d1) The grey-shaded area indicates the spectral weight
that is transferred from the pair-breaking peak into the col-
lective mode. (e) 2D model fit with two BS modes. Also
here λs = 0.7 is used yielding ratios of λd(1)/λs = 0.9 and
λd(2)/λs = 0.5.
